Modern flight control systems are expected to perform beyond their conventional flight envelopes and exhibit robustness and adaptability to uncertain environments and failures. Adaptive control has been shown to improve the performance of a flight control system in the presence of uncertainties and failures. Recently, a new adaptive design named DF-MRAC has been developed which offers the possibility of improved adaptation and smoother error transient characteristics compared to conventional MRAC designs. In this paper flight test results using a small twin engine aircraft with DF-MRAC design is evaluated and compared with conventional MRAC design in the presence of failures.
I. Introduction
Modern fighter aircraft designs are designed to be inherently unstable to increase their maneuverability. This necessiated the design of flight control systems to enable pilots to fly them. In addition to being unstable, mission requirements dictate that these aircraft can function effectively at high angles of attack and side slip imposing severe challenges in the design of flight control systems. Due to the highly nonlinear and uncertain nature of aircraft dynamics, controllers designed using linear control theory may not meet performance specifications. This has motivated the design of adaptive controllers to satisfy performance requirements in the presence of uncertainities as well as failures. Neural network based adaptive controllers for aircraft control have been studied extensively in the past. Most fall under the class of Model Reference Adaptive Control (MRAC)(see Refs. 1-10, in which controllers are designed to minimize the error between the actual plant response and a desired refernce model. Neural network based MRAC provides acceptable response for most systems, but in many applications they require high adaptation gain to meet performance specifications. Adaptive controllers with high adaptation gain may excite unmodelled dynamics and exhibit excessive control activity. A novel adaptive law called Derivative Free Model Reference Adaptive Control (DF-MRAC) [15] [16] [17] has been shown to provide smoother transient response and faster adaptation with low gain as compared to MRAC. In conventional MRAC the uncertainity is parameterized by a constant but unkown set of ideal weights whereas in DF-MRAC the set of ideal weights vary with time. In this paper flight test results obtained using a small unmanned twin engine aircraft are used to compare the performance of the DF-MRAC with that of MRAC designs. The organization of the paper is as follows. Section II provides a brief background on MRAC design. Section III describes the DF-MRAC design. Flight test results for the Twinstar are presented in Section IV. Conclusions are summarized in Section V.
II. MRAC Design
A brief discussion on neural network based conventional MRAC design is presented in this section. Consider the following systemẋ
where x(t) ∈ R n is the state vector, u(t) ∈ R m is the control input, A ∈ R n×n and B ∈ R n×m are known matrices, and ∆(x(t)) : R n → R m represents the matched uncertainty. Here we consider only the full state feedback case. Consider the following reference model
where x m (t) ∈ R n is the bounded reference state vector, r(t) ∈ R r is the reference input, Since we want the system to be stable A m ∈ R n×n is chosen to be Hurwitz, and B m ∈ R n×r with r ≤ m. 2.1. There exists gains K x ∈ R m×n and K r ∈ R m×r such that A m = A − BK x and B m = BK r In conventional MRAC designs, the uncertainity is parameterized as given below 2.2. The matched uncertainty in (1) can be linearly parameterized in the form
where W ∈ R s×m is the unknown constant weight matrix,
T ∈ R s , and ε(x(t)) : R n → R m is the error between the actual uncertainity and the parameterized version that satisfies |ε(
In MRAC designs, the control input consists of two elements, a linear component and the adaptive part. Thus the control input u(t) ∈ R m is given by
where u n (t) is a linear component
where K x ∈ R m×n and K r ∈ R m×r are the linear control gains such that they satisfy ( 2.1.), The adaptive part u ad (t) is
whereŴ (t) ∈ R s×m is an estimate of W , the ideal set of constant weights. The estimate of the ideal weight, W (t), is adapted online by the adaptive weight law given bẏ
Where γ is a positive fixed gain, e(t) = x(t)−x m (t) is the state tracking error, P ∈ R n×n is a positive-definite solution of the Lyapunov equation
for any Q = Q T > 0. In order to prove UUB of both the weights and the error, it is necessary to add the modification term σẆ m (t) ∈ R s×m as given in (7). This modification term can be either of σ-modification 1 or e-modification 2 . The uniform ultimate boundedness of the adaptive law in (7) with either σ-modification or e-modification has been shown in literature 1 , 2 .
III. Derivative-Free MRAC Architecture
This section provides a brief overview of the DF-MRAC theory developed in.
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As outlined before the major distinction between conventional MRAC and DF-MRAC is the notion thta the uncertainity in the model can be linearly parameterized as
where W (t) ∈ R s×m is the unknown time varying weight matrix that satisfies ∥W (t)∥ ≤ w * . The following theorem establishes the ultimate unifom boundedness of the system. Theorem 3.1. Consider the controlled nonlinear uncertain dynamical system given by (1) with 3.1. Consider, in addition, the control law given by (4), with the nominal control law given by (5) , and with the adaptive control law given by (6) that has a derivative-free weight update law in the form
where τ > 0 is a time delay design value, and Ω 1 and Ω 2 (t) satisfy
and
where
and S(t) ∈ R s×s satisfies ||S(t)|| < s * . Then, e(t) = x(t) − x m (t) and W (t) = W (t) −Ŵ (t) are UUB for all (e(0),W (0)) ∈D α , whereD α is a compact positively invariant set, with the ultimate bound
and η > 1, δ
Proof. See Ref.
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Remark 3.1. The derivative-free weight update law given by (10) with (11) and (12) does not require a modification term to prove the error dynamics are UUB in comparison to standard MRAC weight update law. This implies that the error, e(t) and the estimated weight,W (t) are UUB when S(t) = 0 15 . Addition of modification terms to the DF-MRAC does not alter the UUB of the system and modifications like σ-modificatio or e-modification can be added to the weight update law given in (10) . The proposed adaptive control architecture is shown in Figure 1 .
IV. Flight Test Results Using the Twinstar
The UAV lab at the School of Aerospace Engineering at Georgia Tech maintains a fleet of both rotary and fixed wing platforms for testing novel adaptive control algorithms. The Twinstar, a conventional twin engine RC aircraft, was used to flight test the DF-MRAC method described in the previous section. The Twinstar is equipped with FCS 20, a complete onboard flight control system. The FCS 20 has a fully functional autopilot along with an Inertial measuring unit, an air data system and GPS. The onboard system also has a means to record data which can be used for post processing. Faults can be introduced into the aircraft by sending commands from a ground station. In addition, since the Twinstar is constructed of reinforced styrofoam, it is also possible to introduce structural failures.
The effectiveness of the DF-MRAC was first evaluated in simulation. The simulation was carried out using the Ga Tech simulation environment which contains a high fidelity model of the Twinstar. The DF-MRAC was combined with a baseline controller developed for the Twinstar. The details of the baseline controller for the Twinstar are given in Ref 18. In the simulation, DF-MRAC is engaged and the aircraft is commanded to follow a race track trajectory. Figure ( The next step was to evaluate the DF-MRAC in flight tests by monitoring the error between commanded alpha,roll and beta and response rates. As in the simulation, the aircraft is commanded to follow a race track tajectory. Figure (5) shows the response of the system for this case. As seen from the plots, the DF-MRAC provides adequate tracking of the commanded trajectory. 
V. Coclusions
In this paper a derivative free model reference adaptive control has been evaluated in simulation and in flight test. The performance of the DF-MRAC controller while tracking a commanded trajectory is evaluated. As observed from the response, DF-MRAC controller provides adequate tracking performance. Future efforts will be directed at evaluating the DF-MRAC design under a variety of parametric uncertainties and failures, and comparing it the a standard MRAC design. 
